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ABSTRACT 10 
A multi-arch culvert embankment is a new type of filling structure for which several precast arch culverts 11 
are installed continuously in the direction of the road extension. The key points in the design are to 12 
estimate the practical optimal spacing between installed arch culverts and to clarify the interactive seismic 13 
behavior of the filling material and the culvert structure. In the present study, firstly, dynamic centrifuge 14 
model tests and a numerical analysis are carried out to clarify the basal earthquake behavior of this 15 
structure and verify the numerical approach. Then, the full-scale numerical analysis has been executed to 16 
investigate the influence of spacing between multi-arch culverts and mechanical behavior under seismic 17 
conditions. From the results, it is confirmed that when the unit spacing is narrow, the whole rigidity of the 18 
ground and the arch culvert increases relatively. This is because the volume in the fill part, where the 19 
rigidity is small, decreases comparatively. Hence, the section force and the deformation are controlled. 20 
 21 
INTRODUCTION 22 
When an arterial high-standard highway is built, it is necessary to construct the fill or the elevated bridge 23 
to overpass other roads and railways. Most of the time, however, the fill structure acts as a wall that 24 
partitions an area. Unlike an elevated bridge, that does not partition an area into two, fill structures often 25 
create a partition, thereby obstructing the free flow of the wind and denying people direct access. 26 
Recently, multi-arch culvert embankments (Fig. 1) of continuously arranged precast arch culverts in the 27 
direction of the road extension are proposed as a solution to such problems. The shape of the embankment 28 
is close to that of a bridge structure, due to the void space of the precast arch culverts, and it is more open 29 
than with the general fill method. Continuous arch culverts make the structure blend in well with the 30 
environment and beautify the scenery. The reuse of the removed soil from the cut ground is also possible, 31 
therefore being more economical than an elevated bridge. It is expected that the demand for this new type 32 
of structure will increase in the future from an economic point of view. 33 
The design of traditional culvert structures in Japan has not considered seismic stability, because such 34 
structures have not suffered terrible damage in past earthquakes. Even now, therefore, it is thought that 35 
earthquake stability need not be considered for the range in application of traditional culverts. Table 1 36 
shows the range in application of traditional culverts. For each type of culvert, the range in overburden 37 
and scale section has been determined. In addition to the conditions defined on the table, the following 38 
seven requirements should be met in order to apply the design to traditional culverts. 39 
 40 
1) Back-filling made from soil 41 
2) Within 10% of the longitudinal gradient 42 
3) No hinges in the main body structure 43 
4) Not be a multiple-string structure according to an inside pillar    44 
5) Set up alone 45 
6) Supported with a spread foundation 46 
7) Overburden with a thickness over 50 cm  47 
 48 
In multi-arch culvert embankments, as several arch culverts are lined consecutively, the 5th condition is 49 
not fulfilled. Moreover, precast arch culverts, which are used in multi-arch culvert embankments, have 50 
two hinges in the main body structure, and thus, the 3rd condition is not fulfilled either. For single precast 51 
arch culverts, various research works on topics such as the earth pressure acting on the culvert during the 52 
laying process (Adachi et al., 2001), the relation of the bearing capacity and the embedded depth of the 53 
foundation type (Murakami et al., 2008), the performance assessment of a precast-concrete arch bridge 54 
system (Zoghi et al., 2006), have been carried out.  55 
With regard to earthquake resistance of single arch culvert, various experiments and numerical analyses 56 
(Byrne et al., 1994; Wood and Jenkins, 2000; Arai et al., 2011) have been carried out and 57 
earthquake-proof verification was performed. Moreover, it is confirmed that culverts can maintain 58 
stability regardless of the ground displacement, like the one observed by the Great Hanshin Earthquake in 59 
1995. Since only a numerical analysis was carried out to study the earthquake resistance of multi-arch 60 
culvert embankments, however, the research cannot be said to have been sufficient. 61 
A couple of research works have been done to investigate the earthquake-proof stability of multi-arch 62 
culvert embankments through numerical analyses. Through a dynamic finite element method (FEM) 63 
analysis, Hwang et al. (2006, 2007) investigated the influence of the spacing between multi-arch culverts 64 
and concluded that the increase in ground stress and volumetric strain was constricted when the spacing 65 
between arch culverts was close. In seismically active countries, like Japan, an investigation of the 66 
earthquake-proof stability is necessary and indispensable. Therefore, in addition to a numerical analysis, 67 
an experimental study is also deemed important.  68 
It is thought that the greatest factor affecting the earthquake resistance of multi-arch culvert embankments 69 
is the spacing between consecutive arch culverts installed in the embankment. 70 
When the unit spacing is narrow, it is thought that there is a possible increase in the interaction of the arch 71 
culverts, because the volume of the ground between units becomes smaller and the response of an arch 72 
culvert and its surrounding soil increases. 73 
In the present study, firstly, dynamic centrifuge model tests and a FEM analysis are carried out to clarify 74 
the basal earthquake behavior of this structure and verify the numerical approach. In the experiment, 75 
however, two units of arch culverts were modeled due to the restriction of soil chamber. Hence the 76 
full-scale numerical analysis which removed the boundary effect has been executed to investigate the 77 
influence of spacing between multi-arch culverts and mechanical behavior under seismic conditions. 78 
 79 
CENTRIFUGE MODEL TESTS 80 
Experimental set-up 81 
Centrifuge model tests were performed under a gravitational acceleration of 50 G. A soil chamber, 450 82 
mm long, 300 mm deep and 150 mm wide, with a transparent front window, was used for the tests. Fig. 2 83 
shows the set-up of the culvert models and the arrangement of the sensors and the strain gauges. In this 84 
experiment, the acceleration of the ground at the center of the unit, the earth pressure of the ground 85 
subsurface, the surface displacement and the strain of the culvert model were measured. The experimental 86 
model represented a 5.0-m fill to be constructed on a 7.5-m-thick sandy ground. In the in situ 87 
construction, several precast arch culverts are usually set up continuously. However, in this experiment, 88 
two units of arch culverts were used due to experimental restrictions. A light fill material can be used, as 89 
shown in Fig. 1, to reduce the earth pressure during earthquakes and to alleviate the load of the lower 90 
ground. This results in the unit spacing being smaller than in cases where an ordinary fill material is used. 91 
The difference in the dynamic behavior by unit spacing was examined in this study using a sandy fill 92 
ground. 93 
 94 
Arch culverts 95 
The arch culverts were 4.3 m in height and 6.4 m in width. The overburden soil above the arch culverts 96 
was 0.7 m. The dimensions of the arch culvert model are shown in Fig. 3. The arch culvert model used in 97 
the experiment was made from mortar (the combined ratio of silica sand No. 6, high early strength cement 98 
and water was 2: 1: 0.65). The arch culvert model was cured in water for 28 days after casting. The model 99 
was then dried in air for 24 hours and, after that, oven dried for another 24 hours. Table 2 shows the 100 
material constants of the arch culvert model. In situ precast arch culverts were made by joining several 101 
precast sections, and their joints were connected using pre-stressed concrete wire. The joint stiffness is 102 
somewhere between rigid and hinged. However, the arch culvert model in this study was made as an 103 
all-in-one design structure in order to make a simple model. Arai et al. (2011) carried out centrifuge 104 
model tests to compare the two different structures of the shoulder part. In this experiment, two culvert 105 
models, one culvert with a hinged shoulder frame and the other with a rigidly connected frame, were 106 
used. From the experimental results, it is confirmed that the burden rate of the foot part in the culvert with 107 
the rigidly connected frame is smaller than that of the culvert with the hinged shoulder, because the 108 
shoulder part might also resist the seismic force. Since this experiment was conducted under plane 109 
distortion conditions, it is important to reduce the friction with the soil chamber. The arch culvert model 110 
was divided into three parts in the depth direction, and sponge tape was thinly stuck between the culvert 111 
models and between the wall and the models in order to reduce friction.  112 
In this experiment, the strain of the arch culverts was measured to calculate the bending moment and the 113 
axial force generated on an arch culvert. A strain gauge was stuck on both feet parts, both shoulder parts 114 
and the top part of the middle of the divided three pieces. The arch culvert model is shown in Fig. 4. 115 
 116 
Embankment and ground 117 
Both the foundation ground and the filling were made from dry Toyoura sand using a sand hopper. The 118 
falling height of the sand was adjusted in such a way that a relative density of 85% was achieved. Table 3 119 
shows the properties of Toyoura sand. The reason for making a dense sandy ground is that when the arch 120 
culverts are set up directly on the ground without ground improvement, the N value of the foundation 121 
ground is defined as 15 or more in the design manual. The design manual also describes the degree of 122 
compaction as being not less than 92% in many cases of filling construction. 123 
 124 
Input wave and experimental cases 125 
The wave pulse of the prototype, 1 Hz, was input by controlling the displacement of the vibration table. 126 
Fig. 5 shows the time history of the input wave. The aim of the experiment is to investigate the influence 127 
of the spacing between installed arch culverts on the earthquake-proof stability of the structure. Unit 128 
spacing L, between the precast arches, were expressed as a function of culvert height H. Three spacing of 129 
0.5 H, 1.0 H and 1.5 H were adopted in the experiment. The results from these three patterns were 130 
compared to a case of fill only without precast arch culverts. Fig. 6 shows the experiment cases. 131 
 132 
EXPERIMENTAL RESULTS 133 
Acceleration at center of unit 134 
Fig. 7 shows the time history of the acceleration in the vicinity of the ground level for the case with only 135 
fill and without arch culverts (Case-0) and for the case where the spacing between installed arch culverts 136 
was L=1.0 H (Case-3). From this figure, it can be seen that both cases produced similar phases and 137 
maximum acceleration regardless of the presence or absence of arch culverts. In Fig. 8, the maximum 138 
accelerations from the five acceleration measured points obtained from all the experimental cases are 139 
plotted. The maximum acceleration at a distance between 12 m (Acc-5) and 9 m (Acc-4) below the height 140 
of the fill for Case-0 was seen to be constant. From a depth of 9 m to the surface of the fill, the maximum 141 
acceleration is amplified. In cases where arch culverts were incorporated, only Case-4, where the unit 142 
spacing was the widest, showed a similar pattern to that observed in Case-0. This is due to the fact that 143 
the unit spacing in Case-4 is so wide that the arch culverts had few influence on the ground at the center 144 
of the culverts. Therefore, when the unit spacing is wide enough, it can be concluded that the behavior of 145 
the soil between the arches is similar to the case in which there are no culverts. In all cases, the influence 146 
of the installation spacing on the fill between the arch culverts was similar. 147 
 148 
Bending moments 149 
When the stability of a concrete structure against earthquakes is evaluated, the point that is noteworthy is 150 
the generation of excessive bending moments. Fig. 9 shows the distribution of bending moments 151 
generated in the arch culverts. A positive bending moment is defined for the case where tension is 152 
generated inside the arch culvert. The dotted line in the figure shows a bending crack generation moment. 153 
The following four states, (a) the initial state, (b) when the maximum bending moment is generated at the 154 
right foot, (c) when the maximum bending moment is generated at the left foot and (d) the residual status, 155 
are shown in the figure. Bending moments are hardly generated in the shoulders at the initial state, 156 
showing that the arch culverts may have a support mechanism through the axial force. Furthermore, it can 157 
be seen that bending moments are hardly generated in the top part because of the shallow overburden 158 
under this experimental condition. When arch culverts bend, as a result of seismic force, a large bending 159 
moment is generated at the foot where hitching occurs. In this experiment, regardless of the unit spacing 160 
the bending moment did not reach the crack generation moment in any of the cases when the response 161 
acceleration spectrum in the vicinity of the ground level was about 5.5 m/sec2. It can also be seen from 162 
Fig. 9 that the initial and the residual bending moments are the same level, though the residual value 163 
became little larger than the initial value at feet near the soil chamber. This implies that the deformation 164 
of the ground and the arch culvert from the initial state to the residual state is small. Moreover, the 165 
increment of bending moment from the initial is almost same value for all cases in each states and no 166 
significant change was observed as a result of unit spacing. 167 
 168 
FEM ANALYSIS Of EXPERIMENT 169 
Model of simulation 170 
In this study, 2-D elasto-plasticity FEM analysis was performed using a program named as `DBLEAVES’ 171 
(Ye et al., 2007). This FEM code was developed based on DGPILE-3D (Kimura and Zhang, 2000), which 172 
is developed in order to investigate the static and dynamic interaction between soil and pile foundation. 173 
These FEM codes are used for not only pile foundation (Danno and Kimura, 2009; Zhang et al., 2010) but 174 
also tunnel (Cui et al., 2010) and underground structure (Xia et al., 2010). 175 
This analysis was done for the experimental cases. In the experiment, the narrowest unit spacing that 176 
could be achieved was L=0.50 H, due to experimental restrictions in the analysis of the case with L=0.25 177 
H (Case-1). The analytical mesh and the boundary conditions are as shown in Fig. 10. Since a rigid soil 178 
chamber was used in the experiment, the analytical domain was made to be the same size as the soil 179 
chamber with both sides horizontally restrained. 180 
The input ground motions used in this analysis is the time history of acceleration measured by Case-3 of 181 
the experiment shown in Fig. 5 (b). In the dynamic analysis, viscous damping is adopted and the direct 182 
integration method of Newmark- (=1/4, =1/2) is used and the time interval of calculation is 0.001 183 
seconds. 184 
 185 
Modeling of ground 186 
The constitutive model for the Toyoura sand is the subloading tij model (Nakai and Hinokio, 2004). This 187 
model was proposed based on the concept of SMP (Spatially Mobilized Plane), in which the influence of 188 
the intermediate principal stress can be properly evaluated. Furthermore, this model can describe the 189 
dependence of the direction of the plastic flow on the stress paths, density and confining pressure on the 190 
deformation and strength of the soil. The properties of Toyoura sand are given in Table 4. Fig. 11 shows 191 
the element simulation results of Toyoura sand. Because the rigid soil chamber was used in the 192 
experiments, it has a high degree of potential for damping ratio of soil being higher than in-situ 193 
construction. Although the research on damping ratio of soils during centrifuge tests was carried out by 194 
Brennan et al. (2005), it is difficult to determine it correctly through experiment. Therefore, the 195 
pre-analysis in which the damping coefficient of the ground was changing parameter (h=5, 10, 20, 30, 40 196 
and 50%) were conducted preliminarily and then the ratio was dictated as 30%. 197 
 198 
Modeling of structure 199 
While modeling the structure, the nonlinearity of the concrete was also considered. For culvert concrete, 200 
the nonlinear moment-curvature relation was simulated using the AFD (Axial Force Dependent) model 201 
(Zhang and Kimura, 2002). This model introduces the concept of multi-spring model and fiber model (Lai 202 
et al., 1984; Li and Kubo, 1999) into the finite element method by proposing a new weak form of 203 
equilibrium equation for a beam, which satisfies the compatibility of the deformation. Therefore, the 204 
axial-force dependency according to the variable axial force of the structure can be considered by using 205 
this model. 206 
Moreover, the interface element was arranged on the boundary division of the culverts and the ground to 207 
represent the influence of friction. The parameters of the interface element, as shown in Table 5, were 208 
defined from box shear tests between Toyoura sand and the concrete element. And the damping 209 
coefficient of the arch culvert is assumed as 2%. 210 
 211 
ANALYTICAL RESULTS Of EXPERIMENT 212 
Comparison with centrifuge model tests in Case-3 213 
Fig. 12 shows the time history of the acceleration and the Fourier spectrum of Acc-1 and Acc-2 for Case-3. 214 
The acceleration obtained from the analysis tends to become small in the vicinity of the maximum and the 215 
minimum values compared with the acceleration obtained from the experiment. However, the analysis 216 
precisely replicates the experiment as a whole. In addition, from the figure of the Fourier spectrum, it is 217 
seen to almost perfectly reproduce the acceleration. 218 
The initial distributions of bending moments and axial force in Case-3 are shown in Fig. 13. The circle 219 
and square lines represent the experimental and the analytical values, respectively. Firstly, take a look at 220 
the bending moment. The bending moment is large at the feet and small in the shoulders and the top part 221 
at the initial state. These results are consistent with the experimental values as well. Then, in the initial 222 
distribution of axial force, although a large axial force has occurred at the feet in both the experiment and 223 
the analysis, the experimental values are smaller in the shoulders and the top part at the left arch culvert. 224 
It is because dry sand was used under shallow overburden condition in the experiment, confined pressure 225 
was small and influence of sand displacing along with the arch came out greatly during increment of 226 
centrifugal force. However, compared with Case-3, the experimental values in the shoulders and the top 227 
part in Case-2 and Case-4 were large, and the difference between the experimental values and the 228 
analytical values was smaller. 229 
The time histories of the bending moments and the axial force in each position of the left arch culvert in 230 
Case-3 are shown in Fig. 14. In the bending moments, it is thought that the analytical results reproduce 231 
the experimental results comparatively well, although the behavior after 3 seconds becomes a little large. 232 
In the time history of the axial force, although the initial value is different from the start in the shoulders 233 
and the top part, as referred to above, it can be seen that the tendency of the experiment is reproduced. 234 
 235 
Comparison with centrifuge model tests in all cases 236 
Fig. 15 shows the distribution of bending moments in FEM analysis. The following three states, (a) the 237 
initial state, (b) when the maximum bending moment is generated at the right foot and (c) the residual 238 
status, are shown in the figure. At the initial state, bending moment at the right foot on left-side arch 239 
culvert is slightly-great in Cases with wide unit spacing. This is because the volume of fill part at the unit 240 
spacing increases comparatively, the weight of the ground increased. On the other hand, bending moment 241 
at the left foot on left-side arch culvert increases in Case with narrow unit spacing because of the 242 
increment of distance from the soil chamber. When maximum bending moment occurring at the right foot, 243 
bending moment distribution differs by culvert on either side. When the arch culvert inclines to the left, it 244 
is thought that left-hand side arch culvert is strongly restricted by the soil chamber. In left-hand side arch 245 
culvert, therefore, it can de seen that bending moment distribution differe between cases at the left sholder 246 
and left corner of intersection. At the left sholder, the case where a unit spacing is large, in other words, 247 
the case where distance from the soil chamber is near, the bending moment becomes small. Moreover, 248 
since displacement was controlled by the soil chamber, in the case where distance with the soil chamber is 249 
small, the large bending moment has occurred at the left corner of intersection regardless of the time in 250 
which sectional force become small originally at these area. Meanwhile the bending moment at right 251 
corner become larger as unit spacing increse. 252 
Then, it focuses to the right-hand side arch culvert at this moment. Here, since right-hand side arch 253 
culvert is hardly subjected to the influence of the soil chamber, it is considered that the influence by a unit 254 
spacing somewhat appropriately. At the part from the left shoulder to left foot, imperceptibly large 255 
bending moment is generated in the case with wide unit spacing. This could be the result of the arch 256 
culverts shaking greatly, because the volume in the fill part, where the rigidity is small, increases 257 
comparatively when the unit spacing is wide. 258 
In order to explain this behavior, the lateral deformation at the center of the units, for all analytical cases 259 
incorporating arch culverts, is shown in Fig. 16. From the figure, it is clearly understood that the lateral 260 
deformation becomes large when the unit spacing broadens.  261 
However, well-marked difference of bending moment between cases is only at the corner of intersection, 262 
and difference at other parts is several percent. It can be concluded, therefore, that the difference in 263 
bending moments was not able to be confirmed accurately through the experimental study. 264 
After shaking, the residual value became little larger than the initial value at corners of intersection near 265 
the soil chamber in common with experiment. 266 
Fig. 17 shows the time history of the vertical earth pressure ratio on the lower foundation of the arch 267 
culvert installed on the right-hand side. In this paper, the vertical earth pressure ratio is defined as the 268 
measurement value normalized by the initial value. Compared with experimental values, the analytical 269 
values reach a peak belatedly, but the analysis reproduces the tendency for the vertical earth pressure ratio 270 
become large with wide unit spacing and the behavior after 3 seconds. The maximum vertical earth 271 
pressure ratio of P-1 and P-2 are shown in Fig. 18. P-1 and P-2 in Fig. 18 show that the maximum vertical 272 
earth pressure ratio becomes large as the unit spacing becomes large. In order to check the distribution of 273 
earth pressure for the culvert, the earth pressure of normal direction which acts on the boundary portions 274 
of the ground and the right-hand side culvert when the P-1reaches the maximum were shown in Fig. 19. 275 
From the figure, it can be seen that the large earth pressure is generated at the culvert’s right and left side 276 
in the case where a unit spacing is large, hence large earthpressure has occurred in the left end part of 277 
invert, and vertical earth pressure ratio of P-1 enlarged. 278 
Based on the above results, the experimental study could be simulated accordingly in the present study by 279 
using a constitutive model for the ground and the arch culverts. 280 
 281 
FULL-SCALE NUMERICAL ANALYSIS 282 
Model of simulation 283 
In the experiment and its FEM analysis, two units of arch culverts were modeled due to the restriction of 284 
soil chamber. However, this model is expected the boundary effects from the wall. Hence the full-scale 285 
numerical analysis which removed the boundary effect has been executed to investigate the influence of 286 
spacing between multi-arch culverts and mechanical behavior under seismic conditions. 287 
The analytical object and numerical modeling are same as centrifuge model test and its FEM analysis 288 
except for the damping coefficient of the ground. In the full-scale numerical analysis, the damping 289 
coefficient of the ground is assumed as 5%. Unit interval L between the precast arches was expressed as a 290 
function of the culvert height H. Results of the case with consecutive arch culverts were compared to 291 
cases of single arch culvert setting alone. The examination cases are shown in Table 6. In the cases of 292 
multi-arch culverts embankment, since several precast arch culverts are set up continuously in the in-situ 293 
construction, 1 unit of arch culvert was modeled and both sides of analytical domain were configured 294 
equal displacement condition of horizontal and vertical direction. Moreover, the boundary on the bottom 295 
area is fixed on all directions. On the other hand, in the case of single arch culvert, the width of analytical 296 
domain is wide enough (100 m) and boundary condition is same as other cases. The analysis mesh of 297 
Case-1and 4 and boundary condition were as shown in Fig. 20. 298 
 299 
Results of simulation 300 
Fig. 21 shows the distribution of maximum bending moment occurring at right foot, and Fig. 22 shows 301 
the initial and maximum bending moment at the right foot. From these figures, it can be seen that the 302 
influence of the installation spacing on the fill between arch culverts was remarkable in the right foot and 303 
the right end part of invert. The maximum bending moment in Case-4 increased by about 13 % compared 304 
with Case-1. Moreover, when unit spacing is wide, large bending moment is already generated in the 305 
initial state because of the self-weight of the surrounding soil. 306 
Fig. 23 shows the horizontal displacement of soil around arch culvert when the maximum bending 307 
moment is generated at right foot. In this figure, two lines which is left and right side of arch culvert are 308 
pick up. In Case-1, the difference of displacement hardly occurs. It is because arch culvert and 309 
surrounding soil behave monolithically. On the other hand, it can be seen that the difference of 310 
displacement has occurred on the left-line and right-line in other cases. The difference of displacement is 311 
large at the boundary between fill and foundation ground and ground surface. Moreover, when unit 312 
spacing is wide, the difference of displacement increases and comes to the behavior of Case-single. 313 
Fig. 24 shows the earth pressure distribution of normal direction which acts on the boundary portions of 314 
the ground and arch culvert when maximum bending moment is generated at right foot. When the arch 315 
culvert bends to the left, as a result of seismic force, it turns out that a large earth pressure acts on the 316 
right-hand side of arch culvert. Compared all cases, earth pressure also becomes large as a unit spacing 317 
become large. This could be ascribable to the difference of horizontal displacement of soil around arch 318 
culvert as shown in Fig. 23. On the other hand, near the top part of the arch culvert, a difference is not 319 
seen between cases. 320 
Fig. 25 shows the variation of axial force with bending moment at the right foot. During earthquake, the 321 
bending moment for all cases increase accompanied by increase in axial force. When all cases are 322 
compared, the more unit spacing is wide, the more both axial force and bending moment increase, and 323 
there are few differences between Case-4 and Case-Single. It can be concluded that arch culverts and 324 
surround soil shake greatly because the volume in the fill part where the rigidity is comparatively small 325 
increases when unit interval is wide.  326 
Fig. 26 shows the settlement of ground surface and Fig. 27 shows the grade of settlement. The grade of 327 
settlement is defined as unequal settlement ΔS divided by distance from the top part of arch culvert to the 328 
center of the unit l. At the top part of arch culvert, settlement is almost same in all the cases. However, 329 
when the installation spacing is wide, the amount of the subsidence at the center of the unit becomes large. 330 
It is because that the volume in the fill part where the weight is comparatively large increases when unit 331 
spacing is wide. Therefore, Unequal settlement becomes large. But the grade of settlement is only 0.03% 332 
in Case-4 and it does not become a serious traffic hindrance. Furthermore, surface geometry is continuity 333 
and local discontinuous subsidence like the case of box culvert does not occur. 334 
 335 
CONCLUSION 336 
In this study, firstly, dynamic centrifuge model tests and a FEM analysis are carried out to clarify the 337 
basal earthquake behavior of this structure and verify the numerical analytical approach. In the 338 
experiment, however, two units of arch culverts were modeled due to the restriction of soil chamber. 339 
Hence the full-scale numerical analysis which removed the boundary effect has been executed to 340 
investigate the influence of spacing between multi-arch culverts and mechanical behavior under seismic 341 
conditions. The following conclusions can be drawn from the results of this study: 342 
1) When earthquake-proof stability of culvert is examined, the generation of bending moment at the foot 343 
is especially important, and the influence of the installation interval on the fill between arch culverts 344 
was remarkable at the foot.  345 
2) In case with wide unit spacing, large maximum bending moment is generated compared with the case 346 
with narrow unit spacing. 347 
3) For case with wide unit spacing, bending moment increases accompanied by an increase in the axial 348 
force. It is thought that arch culverts shake widely because the volume in the fill part where the rigidity 349 
is small increases comparatively when the unit spacing is wide. 350 
4) When the installation spacing is wide, the amount of the subsidence at the center of the unit becomes 351 
large, hence unequal settlement becomes large. However, the grade of settlement is very small and it 352 
does not become a serious traffic hindrance. 353 
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Table 2. Material constants of arch culvert model  
Young's modulus [kN/m2] 2.07×107 
Compressive strength [kN/m2] 4.92×104 
Bending strength [kN/m2] 1.17×104 
Tensile strength [kN/m2] 5.76×103 
Poisson's ratio 0.18 
 
Table 3. Properties of Toyoura Sand 
Specific gravity  2.64 
Average grain diameter [mm] 0.2 
Maximum void ratio 0.975 
Minimum void ratio 0.585 
Relative density [%] 85 
 
Table 4. Parameters of Toyoura sand  
Unit weight γ [kN/m3] 15.76 
Principal stress ratio at critical state RCS 3.2 
Poisson's ratio ν 0.333 
Coefficiennt of earth pressure at rest K0 0.5 
Void ratio e0 0.64 
β （stress-dilatancy） 2 
a （ANN） parameter 500 
Compression index λ 0.07 
Type of culvert Overburden [m] Scale of section [m] 
Box culvert 
Cast-in-place 0.5～20 
Width of inner space B： within 6.5 
Height of inner space H： within 5.0 
Precast section 0.5～6 
Width of inner space B： within 5 
Height of inner space H： within 2.5 
Gate culvert 0.5～10 Width of inner space B： within 8 
Arch culvert 
Cast-in-place Above 10 Width of inner space B： within 8 
Precast section 0.5～14 
Width of inner space B： within 3 
Height of inner space H： within 3.2 
Swelling index κ 0.0045 
Damping coffecient h 0.3 
 
Table 5. Parameters of interface element 
Shear stiffness Ks [kN/m2] 1.55×105 
Normal stiffness Kn [kN/m2] (Assumed) 1.00×105 
Cohesion C [kN/m2] 5.0  
Internal friction angle  [deg] 28.0  
 
Table 6. Examination cases  
Case 
Unit interval 
(Number of node: N, Number of element: E) 
Case-1 L=0.25H (N: 934, E: 786) 
Case-2 L=0.50H (N: 1054, E: 902) 
Case-3 L=1.00H (N: 1294, E: 1134) 
Case-4 L=1.50H (N: 1534, E: 1366) 








































7 (0.35) 7 (0.35)
10 (0.50)






















































Case-1 L=0.25H Case-3 L=1.0H Case-4 L=1.5H 
43 (2.15) 86 (4.3) 129 (6.45)


























































































② ③ ④ ⑤
Left-hand side culvert Right-hand side culvert
① ② ③ ④ ⑤①
-4.4 7.6-27.2 5.0 2.7-32.3
-4.4 9.1-32.9 -6.8 5.3-32.7




② ③ ④ ⑤
Left-hand side culvert Right-hand side culvert
① ② ③ ④ ⑤①
-10.1 -6.6-10.2 -17.0 -6.6-8.5
-8.3 -5.6-19.9 -15.2 3.0-10.3




② ③ ④ ⑤
Left-hand side culvert Right-hand side culvert
① ② ③ ④ ⑤①
22.1 3.4-58.7 30.8 -15.5-50.0
20.2 7.9-65.0 30.6 -15.2-52.5




② ③ ④ ⑤
Left-hand side culvert Right-hand side culvert
① ② ③ ④ ⑤①
1.6 5.2-32.6 6.7 0.0-30.8
1.4 8.2-41.6 7.5 1.8-33.6






































NODE： 2678   
ELEMENT：2384
NODE： 2678  
ELEMENT：2384
NODE： 2678  
ELEMENT：2384
NODE： 2490  
ELEMENT： 2378





















m = 19.6: G0 = 3.43×103 [kN/m2]
m = 98.0:
G0 = 1.71×104 [kN/m2]
m = 196: 

































































































































































































































































































































































































① ② ③ ④ ①
-66.4 -61.7 -59.9 -55.0
-66.3 -64.2 -59.7 -57.5
-66.2 -66.2 -59.7 -59.5



















































① ② ③ ④ ①
-48.0 -99.9 -45.4 -97.8
-51.3 -104.0 -49.7 -103.0
-59.1 -107.6 -59.6 -108.5



































① ② ③ ④ ①
-76.5 -60.5 -72.1 -54.5
-77.0 -62.9 -73.0 -56.8
-81.1 -63.5 -77.6 -57.3
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Case-1 :   77.9
Case-2 :   88.0





























































































































































































End Start End Start End Start End


















Case-1 Case-2 Case-3 Case-4
Unit spacing
Center of unit






















Case-1 Case-2 Case-3 Case-4
Grade of settlement
×100 [%]Sl=
Fig. 27
